Lipopolysaccharide (LPS)/endotoxin is a potent activator of macrophages. 1 Once activated, macrophages produce a variety of cytokines and humoral mediators, including tumor necrosis factor (TNF), interleukins and nitric oxide (NO), which are pleiotropic and play crucial roles in the immune response and inflammation. In contrast, conditioning by prior exposure to LPS can induce macrophages into a state of endotoxin/LPS tolerance in which they are refractory to LPS-stimulation. 2 Tolerance to LPS is known to result in decreased LPS-evoked cytokine production, although the mechanisms responsible for the tolerance are not yet well understood.
INTRODUCTION
LPS-tolerance, a state of refractoriness to LPS-stimulation, is induced in murine peritoneal macrophages by prior exposure to LPS. LPS-induced expression of TNF and IL-6 mRNA as well as activation of various intracellular kinases and factors, including ERK, p38, JNK, Raf-1 and NF-κB were all suppressed in LPS-tolerant macrophages; responses to stimulation by paclitaxel (Taxol™), an LPS agonist, were similarly suppressed, but responses to phorbol esters (PMA) were unaffected. Binding and uptake of [ 125 I]-labeled LPS to tolerant macrophages was somewhat greater in tolerant than in non-tolerant macrophages. Thus, the refractory state appears to involve inhibition or blockade of LPS-signaling molecules located downstream of the cell membrane LPS receptor and upstream of the branch point in the intracellular cascades leading to activation of MAPK and NF-κB. LPS conditioning also suppressed LPS-and Taxol-induced TNF production, but augmented nitric oxide (NO) production. In contrast, Taxol conditioning failed to suppress LPS-induced TNF production. Conditioning with the synthetic taxoid analog, nor-seco-taxoid, which does not induce macrophage activation, enhanced LPS-and Taxol-induced NO production. These findings provide us with new information about the relationship between the LPS and Taxol receptors as well as about the signaling pathways leading to TNF and NO production.
DETECTION OF THE SITE OF LPS SIGNAL BLOCKADE

IN LPS-TOLERANT MACROPHAGES
Suppression of TNFα and IL-6 gene expression in LPStolerant macrophages
Peritoneal exudate macrophages obtained from C3H/HeN mice were conditioned by incubation overnight with 1 ng/ml or 10 ng/ml of Salmonella abortus equi LPS (1st stimulation) and subsequently stimulated a second time with 10 ng/ml of LPS (2nd stimulation). After 4 h of stimulation, the RNA was extracted from the cell cultures and expression of TNFα and IL-6 mRNA was assessed by Northern blot analysis. Significant expression of both TNFα and IL-6 was seen in non-tolerant cells, but their expression was strongly suppressed in LPS-tolerant cells.
Suppression of protein tyrosine phosphorylation in LPS-tolerant macrophages
Activation of tyrosine kinase, which leads to phosphorylation of certain protein tyrosine residues, is thought to be a necessary component of LPS signaling in macrophages and to be essential for production of cytokines. 7 Therefore, we compared the protein tyrosine phosphorylation induced by LPS stimulation with in tolerant and non-tolerant macrophages. Macrophage lysates were analyzed by Western blot with anti-phosphotyrosine or antiextracellular signal-regulated kinase (ERK) antibody. We found that tyrosine phosphorylation of three proteins (40-45 kDa), evident in non-tolerant macrophages, was suppressed in LPS-tolerant macrophages.
Suppression of MAPK family protein phosphorylation in LPS-tolerant macrophages
LPS can activate the mitogen activated protein kinase (MAPK) family cascades. 8, 9 MAPK family members include ERK, p38 and c-Jun N-terminal kinase (JNK), and their activation of several transcription factors regulates LPS-induced expression of cytokine genes. When analyzed by Western blot, the three 40-45 kDa proteins phosphorylated upon LPS stimulation of non-tolerant macrophages were found to be ERK1, ERK2 and p38. We also used a SAPK/JNK assay kit to monitor activation of JNK by assessing phosphorylation of c-Jun, a substrate of JNK, and found that c-Jun phosphorylation was strongly suppressed in the tolerant macrophages. Taken together, these results show that LPS-tolerance is caused, at least in part, by suppression of MAPK family phosphorylation.
Suppression of Raf-1 phosphorylation in LPS-tolerant macrophages
Raf-1, an upstream activator of ERK, is itself activated by LPS as well as by phorbol 12-myristate 13-acetate (PMA). 8 Western blots showed that after LPS-stimulation, Raf-1 from tolerant macrophages migrated to the same position as Raf-1 from unstimulated, non-tolerant macrophages. LPS-stimulation of non-tolerant macrophages resulted in slower migration. Similar slow migration of Raf-1 was seen in LPS-tolerant macrophages stimulated with PMA, indicating that the refractory ERK phosphorylation in LPS-tolerant macrophages is specific for LPS.
Effect of LPS-tolerance on NF-κB activation and IκB degradation
Activation of the transcription factor, NF-κB, is also known to be important for LPS-induced macrophage activation. 7 NF-κB was readily detected in nuclear extracts from non-tolerant macrophages following LPS stimulation, whereas the appearance of NF-κB in nuclear extracts from LPS-tolerant macrophages was suppressed. We examined the proteolytic degradation of IκBα, a principal inhibitor of NF-κB, and found that in non-tolerant macrophages, IκBα disappeared from the cytosol within 15 min of LPS stimulation and recovered only slightly within 60 min. In contrast, cytosolic levels of IκBα were minimally decreased by LPS stimulation of LPS-tolerant macrophages. In addition, cytosolic levels of p65/relA, one of the NF-κB subunits, decreased gradually after LPS-stimulation of non-tolerant macrophages, probably as a consequence of translocation to nucleus. In contrast, there was no apparent change in cytosolic p65/relA levels after LPS stimulation of tolerant macrophages.
LPS uptake in LPS-tolerant macrophages
To estimate LPS uptake in macrophages, [ 125 I]-labeled LPS was prepared and added to the cell cultures. Uptake of [ 125 I]-LPS in LPS-tolerant macrophages was not decreased; indeed, it was enhanced compared to the uptake in non-tolerant macrophages. Thus, tolerance does not suppress either LPS binding to macrophages or its subsequent uptake. Considered together, our data indicate that the refractory state likely affects LPS signaling molecules located downstream of the cell membrane LPS receptor and upstream of the branch point in the intracellular cascades leading to activation of MAPK and NF-κB ( Fig. 1) .
LPS-and Taxol-induced tolerance 103
EFFECT OF THE INTERACTION BETWEEN LPS AND
TAXOIDS ON TOLERANCE
Receptors for LPS and Taxol
When complexed with LPS-binding protein (LBP), the cell surface protein, CD14, acts as an effective acceptor of extracellular LPS. 1 CD14 is expressed to the same degree in LPS-tolerant macrophages as in non-tolerant ones. 10 which is consistent with our observation that binding and uptake of [ 125 I]-LPS was not suppressed in LPS-tolerant cells. Unlike LPS, Taxol does not require CD14 to mediate transduction of an LPS-like signal; 4 yet, Rhodobacter sphaeroides diphosphoryl lipid A (RsDPLA), an LPS antagonist, inhibits the actions of both LPS and Taxol, 3, 11 suggesting that LPS and Taxol share a common functional receptor on murine macrophages. Consequently, signals mediated by LPS and Taxol may converge at the putative LPS-receptor before being transmitted through common signaling pathways.
Response of LPS-tolerant macrophages to Taxol
C3H/HeN macrophages were conditioned by incubation with LPS (10 ng/ml) for 6 h, washed, and stimulated with LPS (100 ng/ml) or Taxol (100 ng/ml) for either 6 h prior to assaying for TNF or 20 h prior to assaying for NO. LPS-tolerant macrophages produced little or no TNF, but NO production was actually enhanced. (Fig. 2) . Furthermore, tyrosine phosphorylation of MAPK family members in LPS-conditioned, Taxol-stimulated macrophages was suppressed. These findings suggest that there is a close relationship between MAPK family phosphorylation and TNF production but that no such relationship exists for NO production. Moreover, they show that the respective signals diverge very early on in the signal transmission pathway. Up-regulation of NO production in LPS-tolerant macrophages has been previously reported by others. 12, 13 Induction of tolerance by Taxol C3H/HeN macrophages were conditioned by incubation with Taxol overnight, washed, and then stimulated with either Taxol or LPS. Taxol-conditioned macrophages produced little or no TNF in response to a second stimulation of Taxol; TNF production was, however, elicited by LPS stimulation (Fig. 2) , indicating that Taxol-conditioned cells are refractory to Taxol but not to LPS. Thus, Taxol conditioning selectively blocks Taxol signaling and does not block the LPS signaling pathway. 
Effect of conditioning with nor-seco-taxoid
Compound SB-T-2022, a nor-seco-taxoid analog, lacks Taxol-like activity. 14, 15 It does not induce TNF or NO production in murine macrophages, and it does not inhibit the growth of macrophage-like J774.1 and J7.DEF3 cells. However, nor-seco-taxoid competes with Taxol in binding to murine macrophages (unpublished observation). In the present study, conditioning with norseco-taxoid did not suppress subsequent Taxol-or LPSinduced TNF production in C3H/HeN macrophages (Fig.  2 ). But the same pretreatment, nonetheless, suppressed NO production in response to either Taxol or LPS, suggesting that nor-seco-taxoid may induce the different signal that enhances NO production in Taxol-and LPS-conditioned macrophages.
CONCLUSIONS
The results of the present study suggest that the effect of LPS-tolerance on cytokine production in macrophages is caused by desensitization or blockade of signaling molecules located downstream of the putative LPS-receptors and upstream of the intracellular branching point leading to the MAPK family and NF-κB activation cascades. Taxol is presumed to share a functional receptor with LPS and, in fact, conditioning with LPS rendered TNF production refractory to both Taxol and LPS. On the other hand, conditioning with Taxol had little or no effect on LPS-induced TNF production, suggesting that the inhibitory signals mediated by Taxol receptors may not function in the same way as the signal transmitted from the LPS receptor. Finally, whereas conditioning with LPS or Taxol suppressed intracellular signaling mediating TNF production, the conditioning apparently augmented the signaling leading to NO production. 
